The combination of the molecular technique, the multivariate strategy and microchip capillary electrophoresis (MCE) was applied to rapid and sensitive analysis of genetically modified (GM) soybean in food samples. A multiplex-touchdown polymerase chain reaction (PCR) system was developed for simultaneously amplifying three target sequences in Roundup Ready soybean (RRS). Response surface methodology was introduced to determine the optimal separation condition in MCE with good resolution and short analytical time. The detection of the PCR products of RRS was completed within 4 min under the optimal conditions. The specificity of the method was evaluated by testing non-GM soybean materials and three GM maize varieties (MON810, Bt176 and Bt11). A sensitivity of 0.1% GM organisms content was obtained, which was remarkably lower than the labeling threshold for transgenic food defined as 0.9% in the European regulation. The relative standard deviation of migration time was in the range of 0.17 -0.95%. The proposed method was rapid, sensitive and specific and can be used to identify and detect GM soybean in food samples.
Introduction
A variety of crop cultivars with different characteristics have been created since the advent of the first genetically modified (GM) plant in 1983. In the latest few years, GM crops have been growing consistently and their derivatives are becoming widespread. By the end of 2011, the estimated global area of GM crops has exceeded 160 million hectares (1) . GM soybeans are the principal transgenic crops grown in the word. Glyphosate-tolerant Roundup Ready soybean (RRS), the most common line of transgenic soybean used in food and feed, has been approved in many countries including the European Union (EU) (2) . In the course of the commercialization of GM organisms (GMOs), a lot of controversies surrounding their potential risks to human health, the environment and biodiversity have emerged (3 -5) . At present, many countries have implemented the labeling system to enforce the regulation of GM food. Both of European and Japanese legislation have introduced the requirement of the compulsory labeling of food with a threshold of 0.9 and 5% of authorized GMOs, respectively (6, 7) . The control of the labeling of foodstuffs has resulted in a strong demand for the detection of GMOs. Accordingly, the development of fast, sensitive and reliable analytical methods for determining GMOs in foodstuffs and derived products is considered advantageous.
Though several approaches for GMOs detection have been developed, the most often used methods still rely on polymerase chain reaction (PCR), detecting DNA molecules which are more thermostable than proteins (8) . The most PCR protocols need take much effort to accomplish the process of GMOs detection as a single target can be amplified in the reaction. Several new technologies developed recently, such as nested PCR, realtime PCR and DNA microarray technology, can effectively avoid these shortcomings (9) (10) (11) . In despite of the advantages of these methods, some of them are time-consuming, costly or use harmful radioactive probes. Multiplex PCR can reduce considerable time and cost in GMOs detection by decreasing the reactions' number required. The touchdown procedure was proved to be an efficient PCR method in which higher yield could be obtained than those of previous protocols (12) . Therefore, the multiplextouchdown PCR can bring about an impressive analytical procedure that combines the low cost of reagents and preparation time provided by multiplex PCR with the high yield of desired products provided by touchdown PCR. The traditional method for detection of PCR products involves agarose gel electrophoresis that exhibits poor detection limits and low resolution.
PCR-capillary electrophoresis has been reported in the detection of RRS as a sensitive, high-resolution technique, but it typically requires .20 min for the migration of RRS (13, 14) . Obeid et al. (15) reported developed in-house a microchip capillary electrophoresis (MCE) approach for the DNA-based detection with of GM soybean. In their work, the sequences of 35S promoter, the nopaline synthase (NOS) terminator and lectin gene were amplified by conventional PCR, individually and detected by MCE. While the measurement certainly leaves room for improvement, it shows proof of concept that MCE possess some features such as high-speed, high-resolution, ultra-small volume sample and reagent consumption. Kim et al. (16) reported an ultra-fast MCE method for the analysis of RRS by using programmed field strength gradients. The CaMV 35S promoter sequence and the lectin gene were simultaneously amplified and employed to identify RRS. However, the signal with CaMV 35S promoter does not necessarily imply the presence of GM plants but could be due to the contamination of the cauliflower mosaic virus (17) .
In this study, a novel method of MCE combined with multiplex-touchdown PCR was employed to detect three target genes including CaMV 35S promoter, lectin gene and the junction region between NOS and part of CP4EPSPS of RRS. Response surface methodology (RSM) was employed in the experimental optimization of MCE. The proposed method has been applied for identification and detection of GM soybean in various soy products in a specific, rapid and sensitive way. The results of the proposed methods were confirmed using the real-time PCR data.
Experimental

Instruments
The microchip electrophoresis system with a helium -neon greenie laser used in this study was illustrated in the literature (18) . The poly(methyl methacrylate) (PMMA) microchips were purchased from Dalian Institute of Chemical Physics, Chinese Academy of Sciences (Dalian, China). The effective length of the separation channel is 40 mm, and the cross-section volume is calculated to be 177 pL (19) .
Reagents and materials
Soybean powder set certified reference materials containing 0, 0.1, 0.5, 1 and 2% GM RRS (IRMM Nr. 4105) were purchased from Fluka Chemie (Retieseweg, Belgium). The soybean standards containing 0.25 and 0.9% RRS were prepared in house by adequately mixing 0 and 1% certified reference materials of transgenic soybean in the ratios of 3 : 1 and 1 : 9, and 1.5% RRS was prepared bymixing 0 and 2% in the ratio of 1 : 3. Certified reference GM maize lines MON810, Bt176 and Bt11 were also purchased from Fluka Chemie. Hydroxypropyl methylcellulose (HPMC) for MCE with a viscosity of 40-60 cP for a 2% aqueous solution at 208C was purchased from Sigma (St. Louis, MO, USA). Tris(hydroxymethyl)aminomethane (Tris), boric acid and ethylene diamine tetraacetic acid (EDTA) disodium were purchased from Shanghai Analytical Reagent Factory (Shanghai, China). pUC19DNA/MspI (HpaII) 23 DNA molecular sizes marker was purchased from Fermentas (MBI, Lithuania). Ethidium bromide (EB) was purchased from Sigma. Deionized and purified water obtained from Milli-Q pure water system (Millipore, Bedford, MA, USA) was used throughout the experiments.
Oligonucleotide primers of 35S1/2 (20) and CN1/2 (21) were synthesized by Bioasia Biotech Co., Ltd (Shanghai, China). Oligonucleotide primers of Lec1/2 (22) were synthesized by SBS Biotech Company (Beijing, China). The primer sequences and PCR amplification products were listed in Table I .
The imported soybean samples and bean cake were obtained from Shenzhen, Dalian and Chengdu Import and Export Commodity Inspection Bureau. Other soybean-processed products including soymilk powder, dried bean curd and soybean curd samples were purchased from local supermarkets.
DNA extraction
Genomic DNA was extracted from soybean samples using Wizard w Genomic DNA Purification Kit (Promega, Fitchburg, Wisconsin, USA) according to the manufacturer's instructions with small modifications. A brief account of the method used in this study was described below: the homogenized samples (40 -60 mg) were mixed with 600 mL of nuclei lysis solution and incubated at 658C for 30 min. Three microliters of RNase solution was added to the cell lysate, and the mixture was incubated at 378C for 15 min and then mixed with 200 mL of protein precipitation solution. After centrifugation at 13,000 Â g for 3 min, the supernatant containing the DNA was transferred to a new tube and further purified with chloroform/isoamyl alcohol (24 : 1, v/v). Then the aqueous phase was transferred to a 1.5-mL tube containing 600 mL of isopropanol. The two phases were mixed gently by inversion and then centrifuged at 13,000 Â g for 1 min. The supernatant was discarded, and the DNA pellet was rinsed twice with 600 mL of 70% ethanol. Finally, DNA was air-dried and dissolved in 50 mL of sterile double distilled water. The extracted DNA was stored at 48C until use. The quality and quantity of the extracted DNA was examined with protein-nucleic acid analyzer.
Multiplex-touchdown PCR conditions
Amplification reactions were performed in a thermal cycler (Bio-Rad, Berkeley, California, USA). The reaction mixture contained: 1Â PCR buffer; 300 mM each of dNTPs; 2.0 mM MgCl 2 ; the concentrations of each primer for Lec1/2, 35S1/2 and CN1/2 were 0.16, 0.70 and 0.90 mM, respectively, and 2.5 unit of Taq DNA polymerase and 50 ng of template DNA, in a total volume of 50 mL. The multiplex-touchdown PCR conditions were as follows: initial denaturation for 5 min at 958C followed by 10 cycles of 30 s at 958C, 30 s at 608C and 50 s at 728C, 10 cycles with the same physical conditions except that the annealing temperature was 588C, 10 cycles with an annealing temperature of 568C and 10 cycles with an annealing temperature of 548C. A final elongation step at 728C for 5 min terminated the program.
Microchip electrophoresis
The running buffer used in this study was 166 mM tris-borate-EDTA (TBE) ( pH 8.5). EB nucleic acid stain dye was added to the separation buffer containing 1.7% HPMC (w/v). Analysis of PCR samples were carried out by using the homemade microchip electrophoresis system. The schematic diagram about the on-chip working process was shown in Figure 1 . Before each run, separation channel of the PMMA chip was washed by double distilled water, rinsed with the running buffer and then infused with sieving matrix from the buffer reservoir with the vacuum pump. After being added to the sample reservoir, the samples were injected at 500 V for 30 s and separated at 780 V with a run temperature of 208C. The laser-induced fluorescence detection equipment was utilized to detect the fluorescence of 590 nm wavelength generated by combination of EB and DNA fragments. After each electrophoresis, suck out the liquid of each reservoir and then wash the channel for 2 min with double distilled water. pUC19DNA/MspI (HpaII) DNA Marker was used as DNA molecular weight standards to assess the systems.
Experimental design and data treatment RSM coupled with central composite design (CCD) was employed to optimize the separation conditions in microchip electrophoresis. CCD was utilized to define which experiments should be carried out in the experimental region studied. RSM was applied to establish the response function between the separation conditions and modified chromatographic exponential function (MCEF). The optimal parameters were obtained by analyzing the response function. The design of the statistical experiments and the analysis of variance (ANOVA) of the data were performed using the Design-Expert 6.0 software package.
Quantitative PCR Real-time PCR using an SLAN RT-PCR system (Shanghai Hongshi Medical Technology Co., Ltd) was performed. Reactions were set up in a final volume of 25 mL using 12.5 mL universal master mix (ABI) with 35S1/2 primer pair added to a final concentration of 0.25 mM. For the quantification of food samples, 50 ng of total DNA was used. The cycling conditions were as follows: 1 cycle at 958C for 5 min and 40 cycles of 958C for 30 s, 588C for 30 s and 728C for 50 s. Five concentrations (0.25, 0.5, 1, 1.5 and 2%) of standard RRS DNA were used as reference materials for the preparation of a standard curve. Zero percent of standard RRS DNA was used as the no-template control.
Results
Optimization of separation conditions in microchip electrophoresis with RSM
Fitness function
In this study, the optimization of the chromatographic separation in MCE was carried out with the help of RSM. MCEF (23) was used as the fitness function in RSM. The resolutions and the analysis time are the main factors taken into account in MCEF. The goal of our optimization was to improve the separation efficiency of DNA fragments without decreasing excessively the analysis speed. In this work, the smaller of the MCEF value, the higher of the separation efficiency.
In Formula (1), R i, i þ 1 indicates the resolution of two adjacent peaks i and i þ 1, n indicates the number of all the peaks, a indicates the modulating factors of the slope rate, R opt indicates the optimal resolution that is expected, which was assigned to 1.5 in this study, t f indicates the migration time of the last peak and t max indicates the acceptable analysis time, which was set to 7 min.
Central composite design
Before applying the RSM methodology in experimental optimization, it is paramount to select an experimental design in order to obtain the reliable data. CCD was employed in this study. It consisted of 30 experiments, in which the considered factors were the concentration of HPMC, the running voltage and the concentrations of EB and TBE. The factors were studied in the following working ranges: HPMC concentration, 0.5 -2.0% (w/v); voltage, 550 -1,150 V; EB concentration, 1.25 -11.25 mmol/L and TBE concentration, 30 -180 mmol/L. This domain was chosen on the basis of preliminary knowledge of the system. The experiments were performed in random chronological order so that an accurate estimation of experimental error could be obtained.
The experimental plan was shown in Table II , with the measured values of MCEF calculated from Equation (1).
Response surface methodology
In RSM, a quadratic model describing the relationship between the factors and the response was established firstly. The experimental data obtained through central composite design were employed to determine the quadratic response surface. The ANOVA on the regression results was performed to evaluate the quality of the model found after fitting the function to the data. The ANOVA results showed that the model presented a significant regression (P , 0.05) and a non-significant lack of fit. Thus, this was an indication that the predictive model was adequately represented changes in the response within the experimental domain, depending on the input variables. By analyzing the surface response plots as well as the optimized model, the optimum values for each studied variable were obtained: 1.7% HPMC (w/v), 6.40 mmol/L EB, 166 mmol/L TBE and 780 V. To validate the predicted optimal conditions, DNA marker and the triplex touchdown PCR products were determined under the optimal conditions (shown in Figures 2 and 3) .
DNA extraction
In this study, modified Wizard w Genomic DNA Purification Kit was utilized for DNA isolation from soybean samples and commercial food products. The ratios of the absorbance at 260 and 280 nm of most DNA isolated from the analyzed samples were 1.8. The extraction yields were 180-633 mg DNA obtained per gram of soybean products. To further test the presence of soybean amplifiable DNA, PCR assays of all DNAs were conducted by amplifying the lectin gene specific for soybean. The gel electrophorograms showed a clear and single lectin band for each sample.
Optimization of triplex touchdown PCR conditions
Optimization of annealing temperature In this work, we took a simple touchdown PCR program which were constituted with four annealing temperatures (60, 58, 56 and 548C) at different annealing temperature 10 cycles were performed. At the same time, the conventional PCR was also employed to amplify the transgenic soybean standard materials (shown in Supplementary data, Figure S1 ). We found that the target fragments of the expected 118, 165 and 210 bp were detected in two PCR reactions. But touchdown PCR gave a much higher yield of the amplified products compared with the conventional PCR. Moreover, there were no non-specific products in the touchdown PCR.
Optimization of primer concentration
The concentrations of three primer pairs in different proportions were investigated in this study. The results were presented in Figure 4 . When the concentration proportions of three primer pairs appeared to be 1 : 1 : 1, the intrinsic lectin gene had so much copy number in the reaction system that it was excessively amplified. On the contrary, the amplification of 35S1/2 and CN1/2 was suppressed seriously because the reagents were consumed greatly. So the concentration of Lec1/2 should be reduced, whereas the concentrations of 35S1/2 and CN1/2 should be increased. The experimental results demonstrated that the optimal concentrations of primer pairs of Lec1/2, 35S1/2 and CN1/2 were 0.16, 0.7 and 0.9 mM, respectively.
Optimization of MgCl 2 concentration
The effects of MgCl 2 concentrations from 1.5 to 3.5 mM in the triplex touchdown PCR system were investigated (shown in (9) 489(501) bp. Figure 5) . The results showed that the reaction was specific, but 35S1/2 and CN1/2 genes had few amplification yields at 1.5 mM MgCl 2 . There was a significant increase in the yields of three amplified products by increasing MgCl 2 concentrations to 2.0 mM. With excessive MgCl 2 concentration, although the yield of CN1/2 gene increased slightly, the yield of 35S1/2 gene and the reaction fidelity decreased. Therefore, MgCl 2 concentration of 2.0 mM was the optimum for the triplex touchdown PCR reaction.
Analysis of triplex touchdown PCR products by microchip electrophoresis
Under the optimal conditions described above for the triplex touchdown PCR, the amplification products of soybean samples were analyzed by microchip electrophoresis. According to the obtained peak profile of molecular marker of pUC19DNA/MspI (HpaII) DNA Marker, the molecular sizes of the target DNA fragments were determined under the same conditions. Three DNA fragments amplified with sizes of 118 bp (Lec1/Lec2), 165 bp (35S1/35S2) and 210 bp (CN1/CN2) were well separated by the proposed method.
At the same time, the three PCR products were sequenced and found to be highly similar (94 -100% nucleotide identity) to the published sequences obtained from gene bank. In order to assess the specificity of the whole procedure, the proposed method was applied to analyze non-GM soybean materials and three GM maize events (MON810, Bt176 and Bt11). As expected, the lectin gene was only detected in the non-GM soybean materials, and the 35S promoter in the GM MON810, Bt176 and Bt11. In addition, the precision of the method was determined by injecting six replicate samples of both DNA maker and three PCR products, the relative standard deviation for migration times and the peaks' area of the target DNA fragments were in the range of 0.17 -0.95% and 3.64 -7.72%, respectively. The sensitivity tests were performed using DNA extracted from a series of GM soybean reference standards of 0.05, 0.1, 0.25, 0.5, 1 and 2% as templates. The detection limit of 0.1% was obtained with laser-induced fluorescence detection.
Application to actual food samples
In the present study, we detected commercial food samples including soybean, bean cake, soy milk powder, dried bean curd and soybean curd. After the DNA extraction, the extract was used for triplex touchdown PCR amplification. The amplification products were analyzed by MCE under the optimal conditions. Each sample was extracted and analyzed in duplicate. The transgenic soybean certified reference material containing GMO of 0.9% was used for semiquantitative analysis according to the EU labeling regulation. The detected results were shown in Table III . The electrophorograms of several positive food samples by microchip electrophoresis were shown in Figure 6 . The results showed that 4 of 14 soy products were GM. In four positive samples, the lines of transgenic soybean were RRS and the GM contents were .0.9%.
Discussion
Optimization of separation conditions in microchip electrophoresis with RSM The optimization of the separation conditions in microchip electrophoresis is one of the key issues in that several factors and their complex interactions affect the separation efficiency. Traditionally, the optimization of chromatographic separation has been performed by using one-variable-a-time method (24) . Due to the fact that this method ignores the interactive effects among the factors studied, this one-dimensional strategy often fails to discover the optimal conditions. Thus, it has been replaced gradually by other optimization techniques (18, 25, 26) . RSM, a collection of mathematical and statistical techniques, has such distinct features as the generation of large amounts of information from a small number of experiments and the possibility of assessing the interaction effect among influencing factors (27) . In this study, RSM was introduced in the optimization studies of MCE.
In RSM, the experimental design is of importance for the reliable data. The principal chemometric tools used for determination of experimental conditions for chromatographic separations are: full factorial, central composite, Box-Behnken, Doehlert and mixture designs (28) . CCD is a better design when compared with other designs since it is efficient and economical while providing comparable results (29) . Moreover, it allows the determination of both linear and quadratic models. We combined CCD with RSM in the separation optimization.
The validation experiments showed good agreement between the actual value of MCEF and the predicted one based on the optimized model, which demonstrated demonstrating the model's suitability for this particular dataset. The conditions optimized by using RSM made it possible to achieve a high-speed separation without loss of separation efficiency.
DNA extraction
The prerequisite for PCR amplification is the availability of highquality genomic DNA. Two main DNA extraction methods for GMO detection include the cetyltrimethylammonium bromide method and the Wizard-extraction method (30, 31) . The former is a classical method, which is suitable for DNA isolation from plant tissues, but it has several disadvantages of low purity of DNA extracts, complex procedure and relatively bad repeatability. The Wizard-extraction method can overcome these shortcomings. The soy products are complex matrices that might contain a number of PCR inhibitors such as polysaccharides and proteins and a high content of fat which affect DNA extraction efficiency. Consequently, the isolation of DNA from soybeans can sometimes be a challenge for food analysis. In this study, modified Wizard w Genomic DNA Purification Kit was employed for DNA isolation. The ratio of A260/A280 is used to evaluate DNA purity. If the ratio is appreciably ,1.8, it may reveal the presence of protein, phenol or other contaminants in DNA. A ratio of 1.8 for DNA isolated in this study indicated that it was pure enough for PCR amplification. At the same time, PCR assay for each sample showed a positive lectin gene of soybean. These suggested that high-quantity and -quality DNA was obtained by using the modified Wizard-extraction method.
Optimization of triplex touchdown PCR conditions
The targeted DNA from the processed foods has the possibility to degenerate in the process of manufacture. The primers designed according to these sequences were less efficiently amplified, which may make it undetectable or detectable with difficulty. Therefore, the ideal yield of the products often cannot be obtained by the traditional PCR. In touchdown PCR, the annealing temperature starts several degrees above the calculated optimal annealing temperature and is gradually lowered in subsequent cycles, which ensures that the first hybridization event occurs between the primer and genomic DNA with greatest complementarity, thus reducing the chances of mispriming (32) .
In multiplex PCR system, primer concentrations and annealing temperature directly affect the amplification efficiency and fidelity. MgCl 2 concentration also plays a critical role in obtaining specific, high yields of amplification products since Taq DNA polymerase is a magnesium-dependent enzyme (7) . Therefore, these three main parameters were optimized in multiplex-touchdown PCR. The results suggested that not only could this new touchdown PCR abbreviate the process of looking for the optimal annealing temperature but it could also significantly improve the yield of the desired products and prevent formation of spurious products presenting in conventional PCR. Thus, it provided a fast and reliable method for the transgenic soybean's analysis.
Analysis of triplex touchdown PCR products by microchip electrophoresis
The evaluation for the performance of the proposed method suggested that this method could be highly specific and accurate to identify and detect for the GM soybean. The detection limit was as low as 0.1% GMO, which was sensitive enough to fulfill the requirements of the EU regulation.
Application to actual food samples
To confirm the reliability of the method, we also detected the same samples by real-time PCR, in which CaMV35S was used as the target gene to quantify the GM contents. The C t values of 35S gene of various RRS reference materials and the detection results of real-time PCR method were shown in Supplementary data, Tables SI and SII. Compared with the results, GM soybean in food samples by both the multiplex-touchdown PCR -MCE method and the realtime PCR method had no disagreement. Therefore, the newly developed method was able to screen and semiquantify RRS content in soybean in a rapid and convenient manner and was adequate for use in routine GMO detection.
Conclusions
In the present work, a novel method based on touchdown PCR-microchip electrophoresis with RSM optimization was developed and applied to the qualitative and semiquantitative assay of GMO content in different commercial soy foodstuff. It proved that the proposed method had the features of high sensitivity and specificity, rapid speed as well as low cost. We hope that this research can provide technological support for the control of the labeling of transgenic foodstuffs and the protection of consumers' right to know and choose.
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